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Abstract
Zirconium tungstate/epoxy (ZrW2O8/EP) nanocomposites were prepared and their thermal expansion properties were 
investigated within the temperature range of 4–300 K. Compared to unmodified epoxy resin, zirconium tungstate/epoxy 
composites lowers the thermal expansion coefficient (CTEs). The tensile strength was investigated at room temperature (300 K) 
and liquid nitrogen temperature (77 K). The fracture surfaces were examined by scanning electron microscopy (SEM). Results 
showed that the tensile strength and elongation at break increases with the increasing ZrW2O8 content.
© 2014 The Authors. Published by Elsevier B.V.
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1. Introduction
Thermosetting epoxy resins have been widely employed as adhesives, sealants, and matrices of insulation
material of superconducting magnets, due to their good electrical insulation properties, advantageous heat and 
chemical resistance, high elastic modulus, low density, strong bond ability, and convenient manufacturing process 
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(Ueki 2005 and Kang 2001). However, epoxy resin exhibits a large coefficient of thermal expansion (CTE) of 
40-80×10-6/K, which limits their applications. When temperature changes, the volumetric shrinkage leads to internal 
stress and microcracks arise. For example, the structural failure occurred in cryogenic liquid-storage systems when 
the materials were not correctly designed. Therefore, development of epoxy resins with controlled thermal expansion 
is desired especially for cryogenic applications. 
To attain desired thermal and mechanical properties, one approach is the addition of rigid micro- or nanofillers to 
a polymer (Chen 2010 and Li 2014). It is demonstrated that employing rigid fillers with a negative thermal 
expansion behavior can effectively reduce the CTE of the polymer composite at lower loadings (Huang 2010). A 
number of materials with large negative thermal expansion (NTE) are known. Among them, zirconium tungstate 
(ZrW2O8) has attracted growing research interest for its relatively strong and isotropic NTE over a wide temperature 
range (from 0.3 to 1050 K) (Xing 2005 and Kozy 2009). Therefore, ZrW2O8 is an attractive filler to tune the CTE of 
epoxy resin. 
In this work, single crystalline ZrW2O8 nanofibers were prepared via a hydrothermal treatment followed by a 
sintering treatment (Chu 2011). Then zirconium tungstate/epoxy (ZrW2O8/EP) nanocomposites were prepared with 
different mass fractions of ZrW2O8 nanofiber. Thermal expansion properties were investigated within the 
temperature range of 4–300 K. The tensile properties of the nanocomposites were investigated at room temperature 
(300 K) and liquid nitrogen temperature (77 K). The fracture surfaces were examined by scanning electron 
microscopy (SEM).
2. Experimental
2.1. Synthesis of ZrW2O8 nanofibers
The precursor, ZrW2O7 (OH)2·2H2O was prepared in a hydrochloric acid solutions in the presence of 1-butanol. 
First, solutions of ZrOCl2•8H2O and Na2WO4•2H2O were mixed, then HCl and 1-butanol were added, and a white 
gel-like precipitate formed immediately. The mixtures were poured into the Parr bomb and then it was heated to 
130 °C for 24 h. After cooling, the white precipitates were washed several times. Finally, it was sintered at 500 °C
for 2 h and the ZrW2O7(OH)2·2H2O pieces changed to the  ZrW2O8.
2.2. Preparation of ZrW2O8 epoxy nanocomposites
Epoxy resin and curing agent were mixed in a 250 ml beaker by the mass ratio of 100: 24. Then the ZrW2O8 was 
dispersed into the blends and sonicated for 30 min. The mixture was degassed by a vacuum pump at 45 °C for 1 h 
and then poured into a preheated mould. The sample was gelled at 80 °C for 24 h and cured at 130 °C for 12 h and 
cooled naturally with the oven to room temperature (RT). In this way, nanocomposites with different ZrW2O8 weight 
contents were prepared. The double-bell samples were then removed from the mould and used for further
characterization.
2.3. Characterization
SEM experiments were carried out on a HITACHIS-4800 SEM. X-ray diffraction (XRD) analysis of ZrW2O8
particles were characterized using a %UXNHU $;6 ' )RFXV 'LIIUDFWRPHWHU ZLWK &X .Þ radiation. The fracture 
surfaces were gold functionalized prior to investigation to improve conductivity. Tensile test was carried out by 
using a MTS-SUNS CMT 5000 test machine at both RT and 77 K with a cross-head speed of 1 mm/min. The 
specimens were prepared according to the ASTM D638 standard.
3. Results and discussion
The XRD pattern of precipitates is shown in Fig. 1 (a), matching the peaks of ZrW2O7 (OH)2·2H2O. After heating
at 500 °C for 2 h, the XRD pattern of precipitates changed to Fig. 1. (b), which match peaks of the single phase of 
ZrW2O8 crystals. It is observed that all peaks of ZrW2O7 (OH)2·2H2O disappeared after sintering treatment.
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Fig. 2 (a) and Fig. 2 (b) show the SEM images of the ZrW2O8 nanofibers. As can be seen in Fig. 2 (a), the 
samples had average fiber widths of 20 to 40 nm. The fiber lengths were 600-800 nm. From Fig. 2 (b) we can see 
that the samples were agglomerated into bundles. The agglomerates were fairly mono-disperse (50-100 nm wide, 
600-1000 nm long) and small enough to make them good candidates for incorporation into polymer composites.
Fig. 1. XRD patterns of the ZrW2O7 (OH)2•2H2O and the ZrW2O8.
Fig. 2. SEM images of the ZrW2O8: (a) ZrW2O8 nanofibers and (b) ZrW2O8 nanofibers with high magnification.
Fig. 3. Linear thermal expansion as a function of temperature of the nanocomposites.
(a) (b)
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Fig. 3 VKRZVWKHOLQHDUWKHUPDOH[SDQVLRQVǻ// (300K) of the ZrW2O8/EP nanocomposites. For comparison, the 
linear thermal expansion of unmodified epoxy resin is also shown. One can notice that the nanocomposites with 
ZrW2O8 material show lower thermal expansion than that the modified epoxy resin. In addition, it is noted that the 
OLQHDU WKHUPDOH[SDQVLRQǻ// (300 K) of nanocomposites decreases with the increase weight content of ZrW2O8
nanofiber. When considering the thermal expansion from room temperature to 77 K, it is observed that the average 
CTE of nanocomposites with 54.4 wt% NTE material is 25.9×10-6 K-1, which is 27.5% lower than that of 
unmodified epoxy resin (35.787×10-6 K-1). From the above data, it is evident that the NTE material filler plays a 
significant role in reducing the CTE of the epoxy resin.
Tensile properties of ZrW2O8/EP nanocomposites were measured at both RT and 77 K. The stress–strain curves 
of ZrW2O8/EP nanocomposites are shown in Fig. 4 at RT, the stress–strain curves show large plastic deformation
prior to failure of the specimen, and the nanocomposites show a ductile behavior. When the temperature decreases to 
77 K, the nanocomposites show a brittle behavior and increased strength. The tensile strength and Young’s modulus 
of ZrW2O8/EP nanocomposites are shown in Fig. 5. Results show an increase trend in tensile strength at RT 
compared with unmodified epoxy resin. At 3.2 wt%, 4.4 wt%, 9.1 wt% and 11.2 wt% loadings of ZrW2O8, the 
tensile strength of the nanocomposites increase by 12.8%, 16.3%, 27.7% and 34.0%, respectively, in comparison to 
the unmodified epoxy resin.
The reinforcing effect of ZrW2O8 can be attributed to good dispersion and strong interfacial bonding between the 
ZrW2O8 and the epoxy resin. The tensile strength of the system at 77 K is much higher than that at RT. On the one 
hand, when the temperature decreased to 77 K, because RIÀH[LEOHFKDLQVWUXFWXUHDQGKLJKWKHUPDOFRQWUDFWLRQRI
epoxy material, the networks of molecular chains shrink and the intermolecular forces become stronger (Chu 2011),
thus a larger load will be needed to break the matrix. On the other hand, owing to different CTE between the 
ZrW2O8 and the polymer matrix, the interfacial bonding between the ZrW2O8 and the EP becomes stronger at
cryogenic temperature, causing tight clamping of the ZrW2O8 by the matrix at low temperature. As a result, the 
strength of QDQRFRPSRVLWHVLVVLJQL¿FDQWO\LPSURYHGZKHQWKHWHPSHUDWXUH is decreased to 77 K.
When the temperature decreases to 77 K, the tensile strength of the nanocomposites shows an increasing trend
with increasing weight content of ZrW2O8 nanofibers. It is observed that the tensile strength of the nanocomposites 
increases by 2.2%, 9.3%, 12.2% and 32.1% compared to the unmodified matrix with the addition of 3.2 wt%,
4.4 wt%, 9.1 wt% and 11.2 wt%, respectively.
Fig. 6 shows fracture morphologies of the tensile fracture surface of nanocomposites. Certain increase of the 
matrix attached to the surface of the pulled out ZrW2O8 (Fig. 6 c and f) is observed, illustrating the strong interfacial 
bonding between ZrW2O8 and the matrix. The interfacial bonding is an important factor improving the mechanical 
properties of nanocomposites. Compared with the pure matrix, the fracture surface of nanocomposites shows 
significant increase in roughness, demonstrating the toughening effect of ZrW2O8 in matrix. And the fracture surface 
at 77 K is rougher than that at RT.
Fig. 4. Stress-strain curves of ZrW2O8/EP nanocomposites.
1060   Xinran Shan et al. /  Physics Procedia  67 ( 2015 )  1056 – 1061 
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Fig. 5. Tensile strength of ZrW2O8/EP nanocomposites: (a) at RT and (b) at 77 K .
Fig. 6. SEM images of the fracture surface of ZrW2O8/EP with different content at different temperature: 
(a) 0 wt% ZrW2O8-RT; (b) 11.2 wt% ZrW2O8-RT;  (c) ZrW2O8-RT with high magnification;
(d) 0 wt% ZrW2O8-77 K; (e) 11.2 wt% ZrW2O8-77 K; (f) ZrW2O8-77 K with high magnification.
4. Conclusion
In this study, nanofiber-ZrW2O8/EP nanocomposites with different weight contents were prepared and it is 
observed that the CTEs of the nanocomposites decrease significantly with increase of nanofiber ZrW2O8. The 
nanocomposites containing ZrW2O8 nanofiber exhibit improved tensile strength compared to the unmodified epoxy 
resin and the CTEs of the nanocomposites can be tailored significantly. The nanocomposites containing ZrW2O8
exhibit improved tensile strength compared to the unmodified epoxy resin at both RT and 77 K.
(a) (b) (c)
(f)(e)(d)
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